Maximum mandible displacement in the syllable varies primarily by vowel quality, syllable position in the phrase, lexical and phrasal stress, prosodic conditions, and the syllable consonantal periphery. EMA recordings were made of CVC syllables in 3-word phrases uttered by an American English speaker, where each target CVC word occurred in phrase initial, middle and final position, in order to ascertain the effect of vowel quality and phrase position on mandible displacement in the vertical plane, independent of other factors. Eleven English vowels formed the syllable nuclei, voiceless stops //p, t, k// formed the syllable periphery, and the intonation pattern was kept constant for each phrase. Mandible displacement was measured by coil placement at the midline of the base of the lower incisors. The maximum mandibular displacement on the vertical axis (z-axis for 3D EMA) was measured for each target CVC word. For each of the 11 vowels, an algorithm was developed to neutralize the differences in the contribution of mandibular vertical excursion in each of the three phrasal positions. These results indicate that this method may neutralize the vertical mandibular contribution to differences in phonological vowel quality in different phrasal positions.
INTRODUCTION
Past studies have shown that maximum mandible displacement in a syllable varies primarily by vowel quality, syllable position in the phrase, lexical and phrasal stress, prosodic conditions, and the syllable consonantal periphery (e.g., Bonaventura and Fujimura, 2007; Cho and Keating, 2009; de Jong et al., 1993; Erickson, 2002; Erickson et al. 2012; Fujimura and Erickson, 1996; Fujimura and Miller, 1979; Kent and Netsell, 1971; Macchi, 1985; Menezes, 2004; Menezes and Erickson, 2013; Stone, 1981; Summers, 1987; and Westbury and Fujimura, 1989) .
In this study, in order to ascertain the effect of vowel quality and syllable position in the phrase on mandible displacement, EMA recordings were made of CVC syllables in 3 -word phrases uttered by an American English speaker, where the target CVC word occurred in phrase initial, middle and final positions. Eleven English vowels formed the syllable nuclei, voiceless stops //p, t, k// formed the syllable periphery, and the intonation pattern was kept constant for each phrase.
Mandible displacement was measured by coil placement at the midline of the base of the lower incisors. The maximum vertical mandibular displacement on the y-axis (z-axis for 3D EMA) was measured for each target CVC word in a 3-word phrase (Westbury, 1988 ).
An algorithm for vowel neutralization was then developed for all 11 vowels and was applied to each vowel to neutralize the difference in the contribution of the mandibular vertical displacement in each of the three phrasal positions, i.e., 33 vowel-neutralization measures.
Part 1 of the results reports on the mandible displacement measurements as a function of vowel quality and position in the utterance; Part 2 discusses the implementation of the vowel neutralization algorithm.
Methods

Data set
Ongoing work by the first author (Williams) in developing a searchable syllable-feature database of all English monosyllabic words, using Moser's list (1969) as a starting point, has yielded the set of all actual ...(C)VC(C)... combinations for English monosyllabic words. For the data subset used here, C has the onset and coda feature {stop} and V is specified from the syllable nucleus feature set {high, mid, low, front, back}, in addition to an optional coda glide feature set {labialized, palatalized, unspecified glide}, represented by (C). Based on these parameters, the following subset of CV(C)C utterances were recorded as follows. Eleven English vowels (V) were selected to study the mandible vertical displacement patterns intrinsic to English. See TABLE 1 for the list of vowels. Initially, only actual English monosyllabic words were selected, and each target vowel is a CV(C)C word with onsets and codas limited to the voiceless stops //p, t, k//. Permutations of three voiceless stops in onset and coda generated a maximum of nine possible combinations of syllabic peripheries for a given vowel. Each word was then uttered in a short carrier phrase, "X type first", "Type "X" first", and "First type X", where "X" is the target word. This tested the possible interaction of word position in the phrase with mandible displacement patterns. The theoretical total number of utterances is 1 ,782 (11 vowels x 9 consonantal peripheries x 3 phrasal positions x 6 trials) in a randomized presentation order while maintaining a systematic intonation pattern. Due to phonological Table 1 , and 40 mistrackings, only 1,544 utterances were measured. In addition to actual English words, five nonce words were added to fill phonological gaps. In six utterances of phrases, the subject substituted a different vowel while maintaining the correct consonantal periphery, resulting in 55 or 56 utterances for 4 of the vowels, rather than the maximum of 54. .
Data Recording
Articulatory movement and acoustic data were recorded simultaneously for one female American Midwestern English speaker using the 3D Electromagnetic Articulograph (EMA) (Carstens AG500) at Japan Advanced Institute for Science and Technology (JAIST) (See Kaburagi and Honda, 1997, for a general description of EMA). The active sensor, i.e., a sensor attached to the moving articulator, was placed at the bottom midpoint of the lower medial incisors to track mandible movement. Four additional sensors (upper incisors, nasium, left and right mastoid processes) were used as reference points to adjust for head movement. The articulatory data were sampled at 200 frames per second and the acoustic data were sampled at 16,000 samples per sec ond. The occlusal plane was estimated for the subject by using a bite plate with three additional sensors. The articulatory data were transformed to the occlusal plane and corrected for head movement after low-pass filtering at 20 Hz. The recordings were done in two consecutive sessions in a single day.
Articulatory Data Analysis
The maximum mandibular displacement in the vertical plane during the target vowel production was measured using Mview (MATLAB program developed at Haskins Laboratories). The lowest vertical position of the mandible was calculated from the bite plane using a velocity-based criterion for determining initiation and termination of the gesture relative to the syllable.
Vowel Neutralization Algorithm
Mandible displacement measurements, obtained by EMA as described above, were subjected to a vowel by position neutralization algorithm. Essentially, the average mandible displacement for each vowel for phrasal positions 1, 2, and 3 was measured. The algorithm determined how much the mandible displacement for a particular vowel in a particular phrasal position differed from the average mandible displacement for all vowels in all positions. For example, to compare the mandible displacement for //u// with that for //ae//, we need to add the average of the difference between the neutralized value across all vowels to the close vowel //u// and we need to subtract this value from the open vowel //ae// so that we can compare mandible displacement for different vowels. A first approximation of the algorithm is presented below.
JAWz
JAWz, a parameter of mandible displacement in the vertical plane from the bite block, is described in a simplified first approximation as follows:
F p (p j ) = (syllable position factor), {p j ∈ P|P = (1, 2, 3, ..., N p )}
j is index of the syllable, and J is the total number of syllables. v j is index of vowels in syllable j, and N v is the number of vowels. p j is the index of syllable positions in syllable j, and N p is the number of syllable positions.
The most basic form of JAWz is controlled by these 2 syllable parameters. JAWz can be described as JAWz(v j , p j ). The purpose is to neutralize the effects of F v (v j ) and F p (p j ) in a prosodically neutral phrase.
2. Neutralize the syllable position factor I p (p), the influence of particular position 'p', can be described as follows:
p is a member of set P (p = 1, 2, 3, ..., N p ). The 1st member of the equation is the average of JAWz at position of 'p'. The 2nd member of the equation is the average of all JAWz (all positions). So neutralizing the position factor can be achieved by subtracting this item from JAWz.
(Positionally neutralized JAWz) = JAWz(v j , p j ) − I p (p j ); (6) 3. Neutralize the vowel quality factor As in the previous section, I v (v), the influence of a particular vowel 'v', can be described as follows:
The 1st member of the equation is the average of JAWz for all syllables whose vowel is 'v'. The 2nd member of the equation is the average of all JAWz (all vowels). The neutralizing formula is as follows: As a second approximation, we might include the nuclear stress factor, which would then be come the fourth equation in the series: F s (s j ) = (nuclear stress factor), {s j ∈ S|S = (1, 2, 3, ..., N s )} (4)
When the neutralization factors for a given set of phonological vowels within a controlled consonantal periphery in a simple phrasal structure for a given speaker's idiolect are determined, then other factors, such as nuclear stress, may be considered in order to improve the algorithm
Results
Part 1. Jaw Displacement Measurements
The results of the measured mandible displacement for each syllable for each position are shown in Table 2 . Table 2 is roughly arranged in order of the vowel chart, with front vowels to the left, back vowels, right, high vowels above, and low vowels below. In general, notice that high vowels have less mandible displacement and low vowels greater mandible displacement. For convenience, the central vowel //ʌ// is in the middle back. Notice also that in this data in which the nuclear stress of the phrase was always placed on the first word, vowels from the first position in the phrase have greater mandible displacement than those in middle or final position. ANOVA with mandible displacement as the independent variable and vowel and position as the dependent variables showed that both vowel and position has a significant effect on mandible displacement (p=0.000). An in-depth analysis of the data is reported in Menezes and Erickson (2013) .There is probably a confounding effect of syllable position and nuclear stress which could not be teased apart in this pilot study.
Part 2. Results of Vowel Neutralization Algorithm
FIGURE 1. Top row shows mandible displacement (y-axis in mm) for vowels, as they occur in phrase position 1, 2 and 3. The bottom row shows the neutralized values (y-axis in mm) for position and vowel. The order of the vowels across each graph is as follows: u, ʊ, ɪ, I, o, ʌ, ɔ, ɛ, e, ɑ, ae.
The top row of graphs clearly shows that mandible displacement is affected by vowel quality and, to some extent, by position in the phrase. The bottom row demonstrates how, if we neutralize for vowel and position, the mandible displacement is more similar in all contexts across all vowels. While data were collected on mandible displacement in the horizontal plane, this pilot study does not discuss that data. However, for example, high vowels such as //u, ʊ, ɪ, i// are distinguished, in part, by mandible excursion on the horizontal plane, and future work should add the horizontal component into the analysis. Another contributing factor to vowel quality is tongue movement, which was not collected in this experiment.
CONCLUSIONS
These results indicate that this method ma y be useful as a first approximation to neutralize the mandibular contribution on the vertical plane to differences in phonological vowel quality and phrasal position. Future research should include more neutralization factors such as nuclear stress, the consonan tal periphery, and mandibular movement on the horizontal plane. While we have a fixed set of manner features for the consonantal periphery in our data set, the place of articulation varies in both onset and coda {labial, apical, dorsal} and these variations may have an effect on vertical mandible displacement. However, in this pilot study, not enough data are available to determine what, if any, effect the consonantal place feature has on the mandible gesture for a given syllable. After this new paradigm has undergone more testing and the methodology has been proven reliable, more subjects, including both genders, should be examined to generalize from idiolect to larger populations.
